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Objectives: Accurate prediction of recovery of dysfunctional myocardium would
optimize risk/benefit analysis among patients with coronary artery disease and de-
creased ventricular function. Tissue-tagged magnetic resonance imaging permits
quantitative assessment of changes in ventricular function and may improve the pre-
diction of myocardial recovery after coronary artery bypass grafting.
Methods: Thirteen patients underwent preoperative and postoperative stress magnetic
resonance imaging with strain analysis at rest with 5 and 10 mg $ kg21. min21 dobut-
amine. Two-dimensional strain analysis was performed on a single midventricular
short-axis image divided into 6 regions for each patient (n5 78). Regional minimum
principal, circumferential, and radial strain values were calculated at each stress level.
Regional changes in postoperative strain were correlated with changes in preoperative
dobutamine stress by means of logistic regression. Receiver operating characteristic
curves were created to determine the accuracy of preoperative dobutamine stress
for the prediction of postoperative myocardial recoverability.
Results:Minimum principal, circumferential, and radial strain values at 5 and 10 mg of
dobutamine differed significantly from baseline strains (P , .05). Receiver operator
characteristic curves found minimum principal strain to be 75% accurate for predic-
tion of recoverability at both stress levels. Circumferential strain was 72% and 70%
accurate at 5 and 10 mg, respectively, whereas radial strain was 77% and 64% accurate
at 5 and 10 mg, respectively.
Conclusions: Dobutamine-stressed tissue-tagged magnetic resonance imaging with
strain analysis is feasible to quantitatively predict myocardial recoverability after cor-
onary artery bypass grafting. Further study is required to determine the optimal strain
parameter for predicting myocardial recoverability after surgical revascularization.
C
oronary artery bypass grafting (CABG) can improve left ventricular (LV)
function in patients with LV dysfunction, resulting in fewer symptoms and
increased survival.1,2 Distinction between reversible and irreversible myocar-
dial injury with currently used techniques is imperfect. Improved accuracy in
predicting recoverability could help tailor revascularization procedures to optimize
patient benefits and reduce risks. Recently, magnetic resonance (MR) imaging with
dobutamine stress has been used to assess functional and morphologic variables of
myocardial viability by means of quantitative systolic wall thickening3-5 and visual
assessment.6-8 Radiofrequency (RF) tissue tagging appears to improve the visual
detection of wall motion abnormalities with myocardial ischemia9,10; however, 2-di-
mensional myocardial strain analysis has been used to quantify these variables.10
Myocardial strain parameters hold promise as highly accurate regional variables to
quantitate functional changes, which might improve the prediction of myocardial
recoverability after revascularization.
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MR 5 magnetic resonance
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The goal of this study was to evaluate the feasibility of
using this technology clinically by comparing the predictive
value for myocardial recovery after revascularization of 3
different MR myocardial strain parameters with dobutamine
stress in patients undergoing CABG.
Materials and Methods
Study Patients
This prospective study was approved by the Institutional Review
Board at Mayo Clinic, Rochester. Informed consent was obtained
from 20 patients withmultivessel coronary artery disease and at least
1 regional wall motion abnormality, as determined by means of
echocardiography or left ventriculography, scheduled for elective
CABG. Patients with unstable angina, significant valvular disease,
cardiac arrhythmia, or contraindication to MR imaging were
excluded. PreoperativeMR imaging with RF tissue tagging was per-
formed the day before the operative procedure. Postoperative MR
imaging was performed at least 3 months after the surgical proce-
dure. Five short-axis tissue-tagged MR images were obtained at
rest and at 2 levels of dobutamine stress. Images were acquired after
3 minutes of dobutamine infusion to obtain a stable state of drug at 5
and 10 mg $ kg21 $ min21. Heart rate, continuous pulse oximetry,
blood pressure, and near real-time assessment of regional wall
motion abnormalities were recorded during preoperative and post-
operative imaging. Dobutamine infusion was terminated when the
target heart rate was reached, when development of angina pectoris
associated with a new regional wall motion abnormality was deter-
mined by means of near real-time assessment, when cardiac arrhyth-
mia developed, or on completion of the stress protocol. The total
time for image acquisition at baseline and dobutamine infusion at
2 stress levels was less than 60 minutes. Oral b-blockers were not
withheld before stress testing, and atropine infusion was not used
to augment heart rate during testing.MR Imaging Acquisition
The imaging technique has been previously described.11 Images
were acquired on a 1.5-T MR imaging system (Signa Excite; GE
Medical Systems, Milwaukee, Wis). Gradient strength was 40
mT/m, and slew rate was 150 T/m/s in zoom mode. A phased-array
torso coil was used. The pulse sequence was a 2-dimensional
gradient echo sequence that was electrocardiographically gated
and performed during breath holds. Using spatial modulation of
magnetization, RF tissue tags were created in an orthogonal grid pat-
tern of presaturation in the myocardium in the short axis.12 Slice
thickness was 8 mm, with a gap of 7 mm, which allowed for acqui-
sition of an image in the apex, mid, and base. Field of view varied by
patient, with a range between 360 and 480 mm. The remaining im-
aging parameters were as follows: matrix, 256 3 128; flip angle,
20; number of excitations, 1. Echo time was selected as minimum,
which resulted in echo times that ranged between 1.4 and 5.2 ms
(mean, 5.0 ms). Repetition time was not manipulable by the opera-
tors but ranged between 8.7 and 8.8 ms. The number of cardiac
phases acquired per slice was 20. In all patients, the total time
required for patient imaging was less than 60 minutes.
Conventional Indices of LV Function
LV ejection fraction was calculated by using Mass Analysis Plus
(Mass Analysis Plus; MEDIS Medical Imaging Systems, Leiden,
The Netherlands) running on Dell workstations. The end-diastolic
image was chosen as the first image in sequence, and the end-sys-
tolic image was identified as the image just before ventricular relax-
ation (smallest ventricular chamber). Endocardial and epicardial
boundaries were manually outlined for each image. The papillary
muscles, trabeculae, and epicardial fat were excluded from the anal-
ysis. Ejection fraction was determined for the entire left ventricle. A
finite element model of the left ventricle was constructed, consisting
of 6 quadrilateral elements corresponding to the anteroseptal, ante-
rior, anterolateral, posterolateral, posterior, and posteroseptal walls
by placing an axis point at the intersection of the anterior right
ventricular endocardium and LV epicardium (Figure 1).
Measured and Predicted Displacements
Identical images used for calculation of percentage thickening were
analyzed with custom software running on Dell workstations. Endo-
cardial and epicardial boundaries were manually identified for each
image and represented by closed third-order B-spline curves. TheFigure 1. Schematic representation of
the 6 ventricular regions. A vector dia-
gram depicts the vector directions for
circumferential (C) and radial (R)
strains, longitudinal (L).
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ETinitial representation of the tissue tag lines was constructed from the
end-diastolic image based on the known spacing (0.8 cm) between
adjacent tag lines. Tag lines were located on successive images by
using an automatic algorithm based on local pixel density. Tracking
software overlaid a spline for each tissue tag until reaching end-sys-
tole. Two-dimensional systolic displacements were computed at
each tag-line intersection within the myocardium. Regions of the
left ventricle were constructed as previously defined for percentage
thickening. By using a least-squares fitting model, predicted
displacement information was calculated for any point within the
myocardium from known measured displacements by using a finite
element software package (StressCheck; ESRD, St Louis, Mo). The
combination of known and predicted displacement information
provided a continuous representation of displacement information
for the entire ventricle.13
Strain Analysis
Strain is defined as the deformation of an object normalized to its
original shape. Strain is a dimensionless quantity, and the resulting
deformation of the material is expressed as either fractional or the
percentage change from the original dimension. Strain (3) can be
mathematically defined as follows: 35l2l0=l05Dl=l0, where l is
the instantaneous length, l0 is the original length, and 6l is the
change in length. The original length refers to the end-diastolic
muscle length. We examined 3 components of strain. Minimum
principal stain is the minimum normal strain among all directions
emanating from a particular point. The minimum principal strain
is associated with the maximum shortening experienced by the
tissue at a given point. Circumferential strain is the normal strain
along a tangential vector emanating from the LV wall and is associ-
ated with contraction or relaxation in the short-axis plane. Radial
strain represents normal strain along a perpendicular vector from
the LV wall and is associated with wall thickening (Figure 1). By
using least-squares fitting of the measured displacement data,
average regional strain values were computed. Details of the
p-version finite element formulation can be found in Szabo and
Babuska.14Statistical Analysis
Analysis was performed on 6 regions per patient, resulting in 78
ventricular regions in the 13 patients studied. Where applicable,
mean strain values for each region were reported with standard de-
viations. Each region was considered to be an independent measure
and divided into 2 groups: recoverable and not recoverable. Regions
were defined as recoverable if the strain value improved from preop-
erative rest to postoperative rest. Univariate logistic regression anal-
ysis was used to assess the association between change in strain
measurements for each stress level (rest to 5 mg and rest to 10 mg)
and recoverability of the myocardium in the ventricular region for
each of the 3 strain parameters. Receiver operating characteristic
analysis was performed for each of the strain/stress parameters of in-
terest. The area under the receiver operating characteristic curve was
estimated separately by using trapezoidal rule based on the predicted
values from each of the univariate logistic regression models that
were fitted. The area under the curve was used as a measure of dis-
crimination. It is a measure of the likelihood that a patient who has
recovered will have a higher probability than a patient who has not
recovered. An area under the curve of 0.7 and greater is considered
an acceptable discrimination.15
Cutoff points for the strain parameters at each stress level that de-
termined recoverability of myocardium were selected such that the
sum of sensitivity and specificity was maximal and had a sensitivity
of 80% or 90%. Sensitivities, specificities, and likelihood ratios cor-
responding to the identified cutoff points were reported, where like-
lihood ratio is calculated as a ratio of Sensitivity over (1-specificity).
We also treated prechange to postchange resting strain values as
a continuous outcome variable and analyzed data using linear
regression. The significance of the clinical conclusions remained.
Results
Patients
Written informed consent was obtained from 20 patients for
this study. Seven patients were excluded from the final anal-
ysis. Reasons for exclusion after obtaining informed consentTABLE 1. Demographics and clinical characteristics
Coronary disease
Patient no. Age (y)/sex LAD Cx RCA b-blocker DM LVEF (%), before/after EDV (mL), before/after
1 65/Male 100 70 100 1 2 15.7/16.5 138/130
2 55/Male 50 99 99 1 1 63.9/62.5 67/78
3 61/Male 70 70 40 1 1 28.0/26.2 86/94
4 52/Male 99 30 100 1 2 66.6/59.6 83/61
5 67/Male 90 80 90 1 2 63.9/61.8 79/73
6 64/Female 80 70 100 2 1 51.8/49.3 62/46
7 58/Female 70 50 99 1 1 54.5/44.7 59/65
8 59/Male 70 40 95 1 2 23.4/23.4 159/83
9 56/Male 80 80 90 1 2 57.1/51.6 78/100
10 60/Female 70 100 100 1 2 67.1/71.4 51/44
11 43/Male 30 100 100 1 1 38.0/42.6 69/80
12 61/Male 100 70 80 1 2 50.1/51.0 84/74
13 62/Male 70 70 100 1 2 16.4/24.1 126/93
AD, Left anterior descending coronary artery; Cx, left circumflex coronary artery; RCA, right coronary artery; DM, diabetes mellitus; VEF, left ventricular
ejection fraction; EDV, end-diastolic volume.
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Figure 2. Postoperative change in myocardial function by myocar-
dial strain measurements. AS, Anteroseptal; ANT, anterior; AL, an-
terolateral; PL, posterolateral; POST, posterior; PS, posteroseptal.
The horizontal bar indicates mean change. The P value was deter-
mined by using paired Student t tests. A, Regional change for min-
imum principal strain. The change in regional minimum principal
strain was not significantly different after coronary artery bypass.
B, Regional change for circumferential strain. The change in re-
gional circumferential strain was not significantly different after
coronary artery bypass. C, Regional change for radial strain. The
change in regional radial strain was not significantly different af-
ter coronary artery bypass.The Journal of Thorincluded inability to gate in 1 patient, MR scanner malfunc-
tion in 1 patient, poor imaging quality in 1 patient, bypass
graft occlusion requiring graft revision in 1 patient, patient re-
fusal of operative intervention in 1 patient, patient refusal of
follow-up imaging because of claustrophobia in 1 patient,
and patient refusal of dobutamine stress testing in 1 patient.
Demographic and clinical information for the final study
group of 13 patients are summarized in Table 1. All operative
procedures were performed with cardiopulmonary bypass
and high potassium cardioplegia infused every 20 minutes.
The mean number of bypass grafts was 3.6 6 0.8. No study
patient experienced postoperative complications. The mean
number of months to postoperative images was 4.0 6 1.5.
One patient delayed postoperative imaging by 8.6 months
because of travel plans. Five patients had improved LV
ejection fraction, and 7 patients had reduced LV end-diastolic
volumes postoperatively (Table 1). Overall, global strain
values after revascularization were similar to preoperative
values (Figure 2).
Dobutamine-stressed Myocardial Strain Analysis and
Prediction of Myocardial Recovery
All 13 patients completed the dobutamine stress protocol
without complication. The mean double product at rest was
8745, and this increased to 9923 at 5 mg $ kg21 $ min21 do-
butamine and to 10,322 at 10 mg $ kg21 $min21 dobutamine.
Regional strain values are summarized in Table 2. Regional
strain values with dobutamine stress were significantly differ-
ent from strain values at rest. Low-dose dobutamine stress
testing with myocardial strain analysis predicted recovery
of function in 64% to 77% of regions (Table 3). More specif-
ically, when choosing cutoff points to determine sensitivity,
specificity, and likelihood ratios for prediction of myocardial
recoverability with dobutamine stress, the maximal sum of
sensitivity and specificity resulted in the best specificity
with modest sensitivity (Table 4). Alternatively, when
sensitivity was set at 80% or 90%, the specificity decreased,
but the likelihood ratios were similar.
Discussion
The results of this study demonstrate the feasibility of
predicting recovery of myocardial function after CABG
tissue-tagging MR imaging to determine changes in myocar-
dial strain with dobutamine challenge. Among 3 strain
parameters tested, minimum principal strain had the highest
sensitivity and specificity at both 5 and 10 mg $ kg21 $
min21 dobutamine, as evidenced by the likelihood ratios.
Circumferential strain was slightly less accurate than mini-
mum principal strain at each stress level and sensitivity,
whereas radial strain was more variable than either minimum
principal strain or circumferential strain.
Previous studies from our laboratory have measured
decreased regional circumferential strain in patients with
coronary artery disease, followed by improvement inacic and Cardiovascular Surgery c Volume 135, Number 6 1345
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ETTABLE 2. Regional strain values at rest and with dobutamine stress*
Minimum principal strain Circumferential strain Radial strain
Regions Rest 5 mg 10 mg Rest 5 mg 10 mg Rest 5 mg 10 mg
AS 15 6 0.3 15 6 0.5 11 6 0.4 8 6 0.6 10 6 0.9 7 6 0.5 9 6 0.9 16 6 1.1 9 6 0.8
ANT 15 6 0.5 17 6 0.6 14 6 0.5 12 6 0.5 15 6 0.6 11 6 0.6 11 6 0.7 15 6 0.6 12 6 0.9
AL 15 6 0.5 18 6 0.6 15 6 0.7 12 6 0.5 16 6 0.5 12 6 0.7 24 6 0.8 21 6 0.7 26 6 0.8
PL 12 6 0.5 15 6 0.5 12 6 0.7 11 6 0.5 13 6 0.6 10 6 0.8 28 6 0.9 25 6 0.7 34 6 1.9
POST 11 6 0.6 11 6 0.6 10 6 0.6 10 6 0.6 9 6 0.6 8 6 0.5 21 6 0.6 30 6 1.4 30 6 1.5
PS 14 6 0.4 14 6 0.6 12 6 0.4 13 6 0.4 12 6 0.6 9 6 0.4 19 6 0.5 25 6 1.2 19 6 0.9
AS, Anteroseptal; ANT, anterior; AL, anterolateral; PL, posterolateral; POST, posterior; PS, posteroseptal. *Mean 6 standard deviation.myocardial strain after surgical revascularization.16 Subse-
quently, using tissue-tagged MR imaging strain analysis,
we have quantitated the changes in minimum principal strain
during dobutamine stress in patients with normal cardiac
function and patients with dilated cardiomyopathy.17 The
present study was the next step in evaluating tissue-tagged
MR imaging with myocardial strain analysis as a potentially
clinically applicable quantitative test for LV function and
detection of myocardial viability.
The accuracy for detection of recoverability of myocar-
dium after revascularization in our study is slightly less
than previously identified with other MR parameters of myo-
cardial function. Baer and colleagues3 found that an increase
in systolic wall thickening of greater than 2 mm with dobut-
amine stress or diastolic wall thickness of greater than 5.5
mm had an accuracy of 82% and 79% for predicting recovery
of function after revascularization, respectively. Wellnhofer
and associates6 found that visual improvements in regional
wall motion with dobutamine stress had an accuracy of
85% for predicting recovery of LV function after revascular-
ization. In these studies the left ventricle was divided into
either 8 or 16 segments per image, resulting in more data
points and smaller regions with less heterogeneity. We chose
to divide the left ventricle into the American Society of Echo-
cardiography–recommended 16-segment model for LV seg-
mentation, resulting in 6 segments per image.18 This might
have resulted in regions with variable amounts of scarred
TABLE 3. Odds ratios and areas under the ROC curve for
myocardial strain parameters for prediction of myocardial
recoverability with dobutamine stress
Strain/stress level P value Odds ratio (95% CI) Area under ROC curve
MPS, 5 mg ,.001 1.16 (1.06-1.27) 0.75
MPS, 10 mg ,.001 1.14 (1.06-1.23) 0.75
CS, 5 mg .002 1.14 (1.05-1.23) 0.72
CS, 10 mg .007 1.10 (1.03-1.17) 0.70
RS, 5 mg ,.001 1.09 (1.04-1.14) 0.77
RS, 10 mg .030 1.04 (1.0-1.08) 0.64
ROC, Receiver operating characteristic; CI, confidence interval; MPS, min-
imum principal strain; CS, circumferential strain; RS, radial strain.1346 The Journal of Thoracic and Cardiovascular Surgery c Junand stunned myocardium. This heterogeneity within regions
might explain the slightly decreased accuracy of myocardial
strain analysis for the prediction of recoverability. Further-
more, it is likely that the full potential of the quantitative tis-
sue-tagging approach is not represented in this study. Our
analysis was limited to 2 dimensions for reasons of practical-
ity. Accordingly, we could not account for through-plane
motion. Thus far, placement of tag points is only semiauto-
mated, making this analysis a very labor-intensive exercise.
With software advances, more complex and comprehensive
studies could be performed, including the addition of the lon-
gitudinal dimension to the analysis. True 3-dimensional as-
sessment of the effect of dobutamine challenge on the
apical segments could then be included in the determination
of recoverability and would likely increase the accuracy of
the tool.
TABLE 4. Sensitivities, specificities, and likelihood ratios
for myocardial strain parameters with dobutamine stress
for the prediction of myocardial recoverability after
coronary artery bypass grafting
Strain/stress level
Cutoff
point Sensitivity Specificity Sum
Likelihood
ratio
MPS, 5 mg (max sum) 2.1 65% 79% 144 3.1
MPS, 5 mg 20.9 80% 50% 130 1.6
MPS, 5 mg 21.7 90% 50% 140 1.8
MPS, 10 mg (max sum) 23.7 80% 61% 141 2.0
MPS, 10 mg 27.0 90% 34% 124 1.4
CS, 5 mg (max sum) 1.6 68% 73% 140 2.5
CS, 5 mg 20.4 79% 57% 136 1.8
CS, 5 mg 21.3 91% 48% 139 1.7
CS, 10 mg (max sum) 20.9 65% 70% 135 2.2
CS, 10 mg 25.3 82% 43% 125 1.5
CS, 10 mg 27.0 91% 32% 126 1.3
RS, 5 mg (max sum) 20.5 70% 46% 116 1.3
RS, 5 mg 22.0 80% 31% 111 1.2
RS, 5 mg 27.9 90% 8.0% 98 1.0
RS, 10 mg (max sum) 24.1 67% 40% 106 1.1
RS, 10 mg 29.0 80% 10% 90 0.9
RS, 10 mg 211.6 90% 4.0% 94 0.9e 2008
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demonstrate improved survival with revascularization com-
pared with those receiving medical therapy.19,20 One meta-
analysis demonstrated an 80% relative risk reduction in death
with revascularization compared with medical therapy when
viability was present, whereas there was no benefit when
viability was not present.19 The best test to determine
myocardial viability has yet to be determined. Dobutamine
echocardiography is the most widely used clinical tool to
evaluate myocardial viability, with published sensitivities
and specificities approximating 80%.21 Nuclear medicine
studies, including positron emission tomography, techne-
tium-99m sestamibi, and thallium-201 studies, have similar
sensitivity when compared with dobutamine echocardiogra-
phy, but the specificity appears slightly less.21 MR imaging
is an intriguing tool to evaluate myocardial viability because
of its quantitative nature, improved spatial resolution, and
potential to evaluate function, perfusion, and anatomy with
a single test. The current study suggests that low-dose dobut-
amine cardiacMR imaging with strain analysis has the poten-
tial to accurately predict myocardial viability. Future study
incorporating quantitative analysis, perfusion, and delayed
contrast enhancement might improve the accuracy of predict-
ing viable myocardium by using MR imaging.
The current study is limited by the small number of
patients and the lack of consistent comparative viability as-
sessments using echocardiography or nuclear techniques.
Unfortunately, the practicalities of clinical practice in the
current health care environment present significant logistic
challenges. Only 9 patients underwent clinically indicated
viability testing, of whom 3 patients had preoperative dobut-
amine stress echocardiography, whereas the others under-
went sestamibi or positron emission tomographic scans.
With only this small number of studies, no useful compari-
sons could be made. Additionally, 7 patients were excluded
from the final analysis because of equipment failure or
personal reasons. Despite these limitations, we believe the
current study supports the continued investigation of tissue-
tagged MR imaging with strain analysis as an option for
assessing myocardial recoverability quantitatively in patients
requiring coronary revascularization.
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